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1. General introduction and Study Area description 
1.1. The problem, its practical and theoretical implications 
Hypersaline lakes are noted for their simple communities which facilitate understanding 
ecological interactions (Williams et al. 1990; Wurtsbaugh 1992; Jellison and Melack 
1988). Nevertheless, we still cannot easily predict how environmental changes will effect 
the population dynamics in these lakes, at least in part because even these simple 
ecosystems may be more complex than we .realize. Many hypersaline lakes are 
dominated by the brine shrimp Artemia spp. The production of brine shrimp is often very 
high because the terminal, saline lakes accumulate nutrients that make them rich, and 
because the short food chains in them (nutrients-->phytoplankton-->brine shrimp) 
minim ize the loss of materials and energy through trophic-transfer inefficiencies 
(Lindeman 1942). Brine shrimp are not, however, the end of the food chain. Waterfowl 
and shorebirds often depend heavily on the shrimp for food (Cooper et al. 1984; White 
et al. 1992). The shrimp and their cysts are also harvested commercially, primarily to 
support a world-wide shellfish and finfish aquaculture industry. 
The Great Salt Lake of Utah produces more brine shrimp cysts than any other system 
in the world, supports a multimillion dollar cyst harvesting industry (1990), and harbors 
millions of migratory birds that rely on brine shrimp for food. Despite the ecological and 
economic importance of the lake, relatively little is know of factors controlling the 
population dynamics of brine shrimp in the lake. Field studies done in the 1970s by 
Wirick (1972), Stephens and Gillespie (1976), and Gillespie and Stephens (1977), 
together with subsequent modeling (Montague et al. 1982), suggested that the brine 
shrimp can overgraze their phytoplankton food base, and thus become controlled by 
limited algal resources. However, there were unexplained differences in the annual 
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population cycles of the shrimp noted by these researchers. Analyses done during the 
wet climatic cycle in the mid-80s, indicated that brine shrimp were controlled then by 
predaceous invertebrates that were able to invade due to the reduced salinity 
(Wurtsbaugh and Berry 1990; Wurtsbaugh 1992). Although these studies have shown 
that both top-down predation, and bottom-up controls on the food resource can be 
important, we clearly do not understand all of the factors governing the production of the 
brine shrimp in the Great Salt Lake. 
This creates several management difficulties. First, because of high year-to-year, and 
long-term variability in the production of both adults and cysts, it is difficult for the brine 
shrimp industry to plan harvests, and it is also difficult to predict how this variability will 
affect bird populations. Secondly, we do not know enough about the population 
dynamics of brine shrimp to determine what level of cyst harvesting will allow for 
sustained yields for both the industry and for the birds. Finally, our lack of knowledge 
about the shrimp and the limnology of the lake makes it difficult to predict how proposed 
hydrological modifications of the lake and its tributaries will affect this valuable resource. 
Because of the importance of the brine shrimp, the Utah Division of Wildlife Resources 
(DWR) initiated a study on the lake in 1994. The long-term goal of the project is to 
understand the limnological interactions in the lake so that the resource can be wisely 
managed. During 1994 our primary objectives of the study were to define sampling 
protocols for monitoring the lake, to estimate cyst production, and to begin 
experimentation and sampling to determine what factors control the production of brine 
shrimp. Here we report our findings for the first eight months of this ongoing study. 
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1.2. A brief description of the study area 
The Great Salt Lake covers 4290 km 2 in north-central Utah at 112 30' 6,OW, 42°N. The 
lake is divided by a railway causeway that separates the Northern Arm from the 
Southern Arm where our study was conducted. The surface elevation of the Southern 
Arm during the study ranged from 1280.3 m (4200.6 ft) in July, to 1279.8 m (4198.7 ft) 
in November. Using hypsographic curve data provided by G. Pyper (United States 
Geological Survey, Salt Lake City) we calculated that during the study the Southern Arm 
had a mean area of 2546 km2 and a volume of 11.79 x 109 m3. The mean depth was 
4.7 m. Salinities in this closed basin lake vary with climatic cycles, but have ranged from 
50 to 250 glliter over the past 30 years (Wurtsbaugh and Berry 1990). Salinities in the 
Southern Arm during the study were near 140 glliter. The study was conducted at the 
end of a 6-year drought in the basin. Javor (1989), Stephens (1990) and Wurtsbaugh 
(1992) provide the most recent reviews and literature summaries on the physical, 
chemical, and biological limnology of the lake. 
2. Methods 
2. 1. Field data 
2.2.1. Sampling strategy and design in stations' distribution 
The brine shrimp population and the lake habitat were monitored from June 2, 1994, to 
January 13, 1995 at 2-4 week intervals. We initially sampled at eight stations in the 
Southern Arm (Stations 1 to 8) and one station in Farmington Bay (Station 9). After 
August additional stations (10-12) were added. The stations were distributed to cover 
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the offshore and the inshore locations (Fig. 1). We used a stratified design for placing 
stations in the main basin. At a lake elevation of 1280.5 m (June 1, 1995; 4201 feet), 
50% of the lake volume occurs within the 26' (7.9 m) depth contour (determ ined from 
hypsographic curve information available from the U.S. Geological Survey, Salt Lake 
City). Consequently, we sampled at four stations within this zone. The other four sites 
were at locations outside of this zone in shallower water. Because of logistical 
constraints, the stations were not distributed randomly, but rather evenly around the 
southern basin. Two stations flanking Fremont Island on the south (Station 1) and on 
the north (Station 12) were positioned to evaluate the effects of lower salinity, and more 
fertile waters of the Bear River and the Jordan River estuaries. We sampled in 
Farmington Bay (Station 9) to investigate factors controlling brine shrimp in a less saline 
area. The inshore Stations 2a and 9a were established for in situ experimental work 
with brine shrimp. This work was also performed on the offshore Station 2 (RT2). At 
each of the three "experimental" Stations, 2 and 2a in the Southern Arm and 9a in 
Farmington Bay, a buoy was anchored from which temperature recorders and 
experimental chambers were suspended. 
Additional brine shrimp abundance data from the spring period was provided by 
INVE Aquaculture (Grantsville, Utah). They collected surface samples at three stations 
in the southern arm. 
2.1.2. Artemia sampling and processing 
Zooplankton samples were collected at each station by taking vertical hauls with a 30-cm 
diameter Wisconsin style zooplankton net with 153-J.Jm mesh. Net efficiency was 
calculated for each haul with the use of a General Oceanics flowmeter attached to the 
mouth of the net. On two occasions, samples were pumped from different depths with 
a hose and filtered through the zooplankton net. All samples were immediately 
preserved with a 5% concentration of sugar-formalin. 
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Fig. 1. Map of the Great Salt Lake showing the distribution of sampling stations used in 
the study. Stations 2A, 9A, 10, 11 and 12 were added in August. 
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Artemia were estimated from sub-samples or entire samples, so that a minimum of 100 
individuals would be counted (if available). The brine shrimp were counted and 
measured with a dissecting microscope at 15x magnification. An individual was 
measured from the top of the head to the end of the tail, not including the setae on the 
tail. Each Artemia counted was subsequently categorized into one of the following 
stages of maturity: nauplii, juvenile, and adult. Transition from nauplii to the juvenile 
stage w.~s determined by overall length (>1.1 mm - 1.5mm), and the presence of filtering 
appendages. Transition of juveniles to the adult stage was determined by the presence 
of an expanded ovisac for females, and by claspers longer than 1 mm for males. The 
size distribution of the Artemia population was estimated from measuring the first 30 
individuals counted from the sample from each station. This resulted in a total sample 
size on each date of more than 240 individuals. More than 3,000 individuals were 
measured during the study. The number of cysts or oviparous eggs on 20 (if available) 
mature females were counted. 
On some dates the individual body weights of Artemia, were measured on 20-40 
individuals (nauplii to adults) randomly selected from extra samples collected at Stations 
2, 2a and 9a. All individuals were killed the same sampling day in 40% formalin, rinsed 
in distilled water, measured, and individually transferred to pre-weighed aluminum 
weighing pans. They were then dried 8-14 hr to constant mass at 60°C, and weighed on 
a Cahn electrobalance of sensitivity 0.1 I1g. 
2.1.3. Assessment of environmental factors 
Temperature and dissolved oxygen were measured with a Yellow Springs Instrument 
Model 58 meter. Temperatures were measured at 0.2 m, 2 m, 6 m and the bottom at 
all stations deeper than 6 m, and at 0.2 m and the bottom at others. At Station 2 
temperature and oxygen profiles were taken at intervals of at least 1 m. Oxygen was 
measured as a percentage of sea level air saturation rather than mg/l due to the high 
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salinity of the lake, because direct oxygen measurements in high salinity water are 
inaccurate. Water transparency was measured with a 20-mm Secchi disk off the shady 
side of the boat at each station. 
An integrated mixed-layer water sample was collected at each station with a tube 
sampler lowered to 7 m, or to within 30 cm of the bottom at shallower stations. The 
salinity of the tube samples and of water collected from several depths at Station 2 was 
measured in the laboratory with a hydrometer. The density readings were subsequently 
converted to salinity with the following equation (Wurtsbaugh and Berry 1990): 
salinity (g/liter) = 1430.6 (density) - 1430.8 
The pHs of the samples were measured in the laboratory on a Corning Digital 110 pH 
meter. 
Chlorophyll a was measured from the tube and depth-stratified samples. Samples were 
transported to the laboratory in closed, dark, and cool ice chests. In the laboratory, sub-
samples (usually 25 ml) were filtered onto Whatman GF/F glass fiber filters, folded, 
labeled, and frozen in aluminum foil. Before filtering, the sub-samples were initially 
screened through a 165-J,Jm mesh filter to remove Artemia from the sample. 
Subsequently, we fractionated the seston into <30-J,Jm and >30-J,Jm portions using Nitex 
screens. Usually, 1 L was used to concentrate the >30-pm seston fraction. Large 
Artemia were removed from the filter surface with tweezers before freezing. Chlorophyll 
a and phaeopigment concentrations were measured from the frozen filtered samples by 
first extracting the chlorophyll overnight in the dark with 6-ml of methanol buffered with 
MgC03 . Samples were then put in a Turner model III fluorometer, and florescence was 
recorded. Then 150J,J1 of 0.1 N HCI was added, and the fluorescence of the phaeophyton 
was measured. The difference of the two measurements were used to estimate the 
concentrations of the two pigments (Holm-Hansen and Rieman 1978). 
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Phytoplankton samples were collected using the tube sampler, and usually immediately 
preserved with Lugol's solution. On one date, formalin was also added as a preservative. 
Sub-samples were filtered onto Millipore HAWP O.45-J..Jm filters and fixed onto a glass 
slide for counting according to the method of Crumpton (1987). Phytoplankton counts 
were made with an Olympus BX40 System Microscope at 400x magnification. 
Phytoplankton taxa were identified and measured. 
2.2. Field experiments 
To assess survival and growth of nauplii and juveniles under natural food conditions of 
the lake with either low or high food levels (Southern Arm and Farmington Bay, 
respectively), nauplii hatched in the laboratory were raised in flow-through experimental 
chambers suspended at 2 m from three buoys anchored at the offshore Station 2, the 
inshore Station 2a (both in the Southern Arm), and inshore Station 9a (in Farmington 
Bay). 
The 4-liter flow-through experimental chambers were transparent plexiglass tubes, 110 
mm interior diameter and 400-mm long, whose lids had 80-pm mesh netting. We also 
used closed, 2.8 liter transparent PVC jars in some experiments in which animals were 
grown in food media from laboratory cultures or in natural lake water. All chambers were 
fastened with rubber bands to baskets secured to buoys at the top and to anchors at the 
bottom. 
In each of the five in situ growth assessments (4 and 19 August, 1, 8 and 15 
September), we used Artemia nauplii of the same cohort that were hatched in laboratory 
1-3 days prior to the experiment. 
Individual body length and body dry weight were assessed on the initial date using a 
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large sub-sample of live animals from the same hatch, and on the final date using all 
surviving animals. The nauplii were killed in 40% formalin, rinsed in distilled water, 
measured, and individually transferred to pre-weighed aluminum weighing pans. They 
were then dried to constant mass at 60°C and weighed on a Cahn electrobalance 
sensitivity to 0.1 pg. 
2.3. Laboratory cultures and laboratory experiments 
On many sampling dates, 40-150 L of lake water from the offshore Station 2 was sieved 
on 165-pm mesh size net and brought to the laboratory. This water was then used as 
a medium to culture Artemia brought from the lake or hatched from cysts, as well as to 
grow natural phytoplankton assemblages in 40-80 L aquaria, at temperatures of 25-27°C 
under constant illumination of 150 pE·m-2·sec-1. 
Densities of algae grown in these aquaria were monitored daily as chlorophyll 
concentrations estimated by in vivo fluorescence measured on the Turner Model 111 
fluorometer with a 30X door. The in vivo fluorescence was subsequently converted to 
chlorophyll a concentration using the following regression derived from a large number 
of simultaneous estimates of the in vivo fluorescence (Turner fluorometer units; TFU) 
and standard extracted chlorophyll a readings in pglliter: 
Log (ChI. a) = 0.149 + 0.789 * Log (TFU) ~ = 0.86 
At intervals, algal and protozoan counts were made for the cultures under a Olympus 
BX40 microscope and Meiji MZ-5 dissecting microscope, respectively. 
Two laboratory experiments were run to assess the reproductive performance of Artemia 
at different food levels by estimating clutch size and interbrood interval. The first 
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preliminary experiment was performed from 1 September to 24 December, 1994, on 
synchronized adult Artemia grown from nauplii that hatched from Great Salt Lake cysts 
(Saunders Brine Shrimp Company; Ogden, Utah) on 15 August. Single Artemia females 
were raised in 1 OO-ml beakers, each with a male partner. The Artemia were fed cultured 
algae daily at either high or low concentrations. Because of the small size of the 
beakers, grazing by Artemia significantly reduced food concentrations over the course 
of the day. Consequently, both the initial and the final food concentrations are reported. 
Each mating couple was transferred daily to a new beaker with 100 ml of fresh food 
medium. The "high" food concentration was taken from aquaria with algal cultures grown 
without Artemia. The "low" food medium was taken from phytoplankton cultures grown 
with Artemia, where food was constantly subjected to a harsh grazing by hungry animals. 
The high food treatments resembled a natural situation in Farmington Bay, whereas the 
low food treatment was sim ilar to, or lower than, the natural offshore situation in the 
Southern Arm. 
The second, more precisely controlled experiment to assess reproductive performance 
of Artemia ran from 8 March to 11 May 1995. This experiment used a temperature x 
food level factorial design. Nominal temperature treatments were 10, 15, 20 and 25°C. 
At each of these temperatures three nominal food levels were initially tested: 16,4, and 
1 pg chlorophyll/liter. There are six replicates at each of the twelve temperature x food 
combinations. In addition to the initial three food levels, we added additional food levels 
of 0.25 and 0.5 pg chlorophyll a/liter to the two highest temperature treatments. 
Individual Artemia females were raised in 900-ml beakers with a single adult male. The 
Artemia and their associated plankton food were reared at a light intensity of 150 pE-m-
2-sec-1 with a 12: 12 light dark cycle. The Artemia couples were transferred to new 
beakers with fresh food media every second day. The content of each beaker was then 
inspected and all nauplii from ovoviviparous eggs and all cysts were counted live. 
Chlorophyll concentrations are estimated in the initial food media and in a subsample of 
the culture beakers after each 48-h period. Because of differential grazing and growth 
of the algae in the test chambers, actual chlorophyll concentrations differed from the 
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nominal ones. There were no significant differences in mean chlorophyll concentrations 
in the different temperature treatments (Two-way ANOVA; p>0.05). Actual 
concentrations (pg/liter) in the treatments were: 
Nominal Mean 
0.25 0.46 
0.5 0.57 
1 1.41 
4 4.63 
16 15.90 
The food media was grown in batch cultures with initial inocula of the Great Salt Lake. 
The batch cultures was started every fourth day by diluting a 10-L inoculum of algae 
from the preceding culture with 50 L of saline water of 140 g saltslliter, that was made 
by solving Instant Ocean (55 gil iter) and food-grade salt (NaCI, 85 gil iter; North American 
Salt Company, Roy, UT) in deionized distilled water. Each newly established algal 
culture was fertilized with 25 /1g of P04-P and 150 /1g Nlliter, plus micronutrients. This 
was done utilizing a mixture of Hydro-solR (Grace Sierra Horticultural Products, 
Fogelsville, Pennsylvania; 41.7 glliter), calcium nitrate (27.5 gil iter) and ammonium 
nitrate (22.1 glliter). The algal cultures were mixed with an air pump and exposed to 
constant light of 270 j1E·m-2·sec-1. After 4-8 days of culture, the chlorophyll a content of 
the algae was measured by in vivo fluorescence, and the water subsequently diluted to 
give the nominal food levels for the experiment. Microscopic examinations indicated that 
the cultured food was dominated by Dunaliella, but it also contained small amounts of 
other algae and protozoans. Grey precipitates also formed in the media, apparently 
resulting from the added food-grade salt. 
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3. The brine shrimp habitat in the Great Salt Lake 
3. 1. Salinity and pH 
Despite its large area, the salinity and pH of the Southern Arm were homogenous over 
the June-January study interval. Salinities at the inshore and offshore stations always 
ranged from 135-142 g/liter (Fig. 2). Due to discharges of the Jordan River, salinity in 
the Farmington Bay estuary (Station 9) was approximately half of that in the Southern 
Arm (60-75 g/liter; Fig. 2). We also noted dense, high-salinity intrusions of water from 
the main lake into the lower strata of Farmington Bay at Station 9A. The pH was 
significantly higher in Farmington Bay than in the main lake, most likely due to the 
increased primary production resulting from the high algal standing crops in the bay (see 
section 3.5). 
3.2. Temperature 
The Southern Arm was also homogenous in respect to the temperature, except for 
Farmington Bay which was frequently several degrees cooler than the main lake (Fig. 
3). Despite distinct diel temperature fluctuations with an amplitude of up to 4°C at the 
surface (Fig. 4), there was a gradual temperature increase in June and July to a 
maximum of 26°C at the beginning of August, followed by an equally gradual decline to 
1°C in December and January (Fig. 5). On some occasions the lake was thermally 
stratified below 8 m at the deepest stations that are near the Northern Arm. Density 
differences (i.e. salinity) were also noted in this deeper water (Fig. 6), indicating that a 
transient monomolimnia develops in the deeper water, probably as the result of deep-
water flows from the Northern Arm (Waddell and Boike 1973; Wurtsbaugh and Berry 
1990). Most of the time, however, the lake remained un-stratified and consequently 
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Fig. 2. Salinity levels at eight stations in the Southern Arm (filled squares) and one 
station (Station 9) in Farmington Bay (empty squares) on summer dates of 1994. 
Note reduced salinity at station 9 in Farmington Bay due to Jordan River 
discharge. 
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Fig. 3. Inter-station variability in temperature at 2 m depth at eight stations in the Southern 
Arm (filled squares) and one station (Station 9) in Farmington Bay (empty squares) 
on eight summer dates of 1994. 
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Fig. 5. Seasonal change in the mean temperature at 2 m depth in Southern Arm (thick line 
±1 SD marked as thin lines) and on two Stations neighbouring Fremont Island 
(Stations 1 and 12 marked as empty square and square with X, respectively). 
Fig. 6. An example of temperature (solid line) and salinity (dotted line) summer stratification 
observed on 4 August on the offshore Station 3. 
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vulnerable to mixing by strong winds that could resuspend particulate material 
accumulated in the sediments. 
Indirect evidence of a monimolimnion was found on 20 December as a sharp near-
bottom temperature gradient that indicated that high salinity had not allowed the deepest 
layer to be effectively mixed (Fig. 7, left). A similar situation was found in Farmington 
Bay where a salinity gradient effectively prevented surface waters from mixing with the 
underlying, near-bottom layer (Fig. 7, right). Inverted thermal stratification in Farmington 
Bay was evident as early as October (Fig. 8). 
3.3. Dissolved oxygen 
In the Southern Arm, the lake water remained fully oxygen-saturated throughout the 
study period, except for anoxia that was observed below 9 m on two occasions in August 
(Fig. 8b). Note that oxygen levels were consistently low as the result of the high salinity 
that limits gas solubility. In Farmington Bay, anoxic conditions were frequently observed 
within 0.5 m of the bottom. This was likely the result of high phytoplankton productivity 
and subsequent decomposition, combined with a sharp stratification that was frequently 
created by the cool intrusions of the fresh Jordan River water flowing on the top of much 
saltier and warmer resident water (note the inverse thermal stratification in Fig. 8). 
3.4. Water transparency 
Contrary to the salinity, pH, and temperature, water transparency was highly variable 
from station to station and from date to date, with highest values of 6-7 m observed in 
July offshore on Stations 1, 2 and 5, and lowest values of 0.4-0.6 m persisting on 
Stations 9 and 9a in Farmington Bay (Fig. 9). Despite high inter-station variability, a clear 
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Fig. 7. Examples of winter inverse thermal stratification at the offshore Station 2 (20 
December, left) and the inshore Station 9a in Farmington Bay (13 December, 
right). 
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(left). Note the tendency for inverse thermal stratification due to surface flows 
of cool Jordan River water of low salinity. 
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seasonal change in mean transparency readings were observed in the Southern Arm, 
with depths near 3 m in June, to 6-7 m in July (6-7 m), when a gradual decline leading 
to low values in December (Fig. 10). The very low transparency (1.6 m) observed on 
16 June may be attributed to sediment re-suspension by strong winds the day before 
and on the day of sampling. The gradual decrease observed between July 18 and 
December 18, however, seems to be related to a gradual increase in the phytoplankton 
as evidenced from the increasing chlorophyll a concentrations (see section 3.5). 
3.5. Chlorophyll 
In June chlorophyll a concentrations were extremely low « 0.5 pg/liter; Fig. 11). 
Concentrations increased slowly and reaching 3.5 pglliter in early December. 
Subsequently, levels increased rapidly, reaching high levels of 13 pglliter in January. 
In Farmington Bay, chlorophyll levels were extremely high, reaching over 60 pglliter on 
some dates (Fig. 12). 
3.6. Phytoplankton densities 
In the Southern Arm as well as in Farmington Bay, the phytoplankton was dominated by 
the green alga Dunaliella (Chlamydomonaceae). Size measurements indicated that this 
was primarily D. viridis Teodoresco, with only occasionally found congener (D. salina 
(Dunal) Teodoresco). Other taxa found were the diatoms (Amphora coffeiformis (Ag.) 
Kutz., Navicula graci/oides A. Mayer, and Nitzschia epithemoides Grun.), and a 
filamentous cyanobacterium Nodularia spumigena Mert. (Nostocaceae) that appeared 
in December. From June until November, Nodularia was not abundant in the Southern 
Arm, but very abundant in Farmington Bay (Table 1). On most dates, our phytoplankton 
density estimates were at least an order of magnitude lower than have been reported 
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Table 1. Phytoplankton biovolumes and densities for given dates, 
catagorized into different taxa. 
PHYTOPLANKTON BIOVOLUME TOTALS (Biovol umA 3/ml) 
DUNALIELLA DIATOMS EPIPHITIC ON LIMBS 
DATE TOTALS TOTALS TOTALS TOTALS 
2-JUNE-94 147485 0 0 0 
16-JUNE-94 524506 0 0 0 
5-JULY-94 1898 56533 0 0 
18-JULY-94 340 70327 8079 0 
4-AUG-94 16761 3261 292162 0 
19-AUG-94 24973 1436 11418 0 
1-SEPT-94 10341 329852 480767 0 
15-SEPT-94 16339 17204 59331 52599 
3-0CT-94 14171 360906 56950 50216 
26-0CT-94 1231 411 190932 67 
14-NOV-94 20480 0 85428 0 
13-DEC-94 80177 0 0 0 
PHYTOPLANKTON DENSITY (#/ml) 
DUNALIELLA 
DATE #/ml {mean size urn DIATOMS EPIPHITIC ON LIMBS 
2-JUNE-94 896 (6.8) 0 0 0 
16-JUNE-94 2453 (7.4) 0 0 0 
5-JULY-94 9 (7.3) 39 2 0 
18-JULY-94 2 (7.3) 76 7 0 
4-AUG-94 33 (9.8) 4 16 0 
19-AUG-94 86 (8.2) 1 3 0 
1-SEPT-94 53 (7.2) 334 24 0 
15-SEPT-94 59 (8.1) 13 4 937 
3-0CT-94 67 (7.4) 396 5 895 
26-0CT-94 7 (6.9) 0 3 1 
14-NOV-94 101 (7.3) 0 7 0 
13-0EC-94 375 (7.4 0 0 0 
OTHERS 
TOTALS 
0 
92258 
0 
0 
6545 
0 
21348 
0 
638 
0 
0 
0 
OTHERS 
0 
11 
0 
0 
3 
0 
154 
0 
4 
0 
0 
0 
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previously (Wirick 1972; Stephens and Gillespie 1976). Our estimates only approached 
those found in the previous studies on a single date when we had preserved our 
samples with formalin in addition to the standard phytoplankton preservative, Lugol's 
solution. This suggests that Lugol's solution was ineffective in the highly saline waters 
of the Great Salt Lake. 
3.7. Lake water fertility: phytoplankton in lake water relieved 
from the brine shrimp's grazing pressure 
Even though we did not analyze nutrient levels in the lake, the high fertility of the 
Southern Arm water was evident from laboratory bioassays made on lake water brought 
from the offshore Station 2 in August, September, and October. There was alw~ys a 
dramatic, nearly exponential increase in chlorophyll a in the lake water from which brine 
shrimp had been removed by sieving through 165-pm mesh size net (Fig. 13). This 
increase led to chlorophyll levels sim ilar to those typical for Farm ington Bay and those 
found in the Southern Arm in winter when brine shrim p were absent. The rate of the 
chlorophyll increase was not be augmented by addition of nutrients (Fig. 14). When brine 
shrimp were added to the cultures, chlorophyll levels dropped to initial levels within a few 
days, regardless of whether low densities of adults or high densities of nauplii had been 
added to the cultures (Fig. 13). 
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Fig. 13. Changes in chlorophyll a levels in lake water (Station 2) from which brine 
shrimp were removed by sieving through a 165-pm mesh size net. Note 
that the initial increase in chlorophyll a concentration that reflects an 
increase in Dunaliella density, is succeeded by a decline that starts 7-10 
days from the initial (sampling) date, regardless of whether the brine shrimp 
were added or not. Chlorophyll was measured as in vivo fluoresence and 
subsequently converted to Chi a with Equation 1. 
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Fig. 14. Changes in chlorophyll a concentration in lake water (Station 2; Sept. 2nd) from 
which brine shrimp were removed by sieving through a 165-pm mesh size net, 
and to which nutrients were added twice on the 4th and the 8th day (solid 
squares) to give target concentrations of 200 pg of orthophosphate phosphorus 
and 700 pg nitrate and ammonia nitrogen per liter. 
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4. Ecology of the Great Salt Lake brine shrimp population 
4.1. Population density and its inter-station variability 
Artemia densities at the beginning of our study in early June were near 911iter (Fig. 15), 
and the population was dom inated by nauplii and juveniles. Densities were likely higher 
than this prior to the initiation of our work. Surface samples collected at three locations 
(MS, AC, and AB) by Wim Tackaret (INVE Aquaculture, Inc.) in April and May indicated 
that mean densities were as high as 100 juvenileslliter (May 24). Although these 
densities may have been biased by the small number of sample sites, and the surface 
collections, it does suggest that abundances were higher than we observed in early 
June. The high densities were accompanied by increases in Secchi transparencies, from 
0.5 m on 3 May, to 2.0 m on 24 May, to 3.2 m on 2 June. Additionally, the April and 
May samples taken by INVE indicated that Artemia reproduction was very high in the 
spring when phytoplankton was abundant (as indicated by Secchi depth) and mature 
females were abundant. Mean clutch sizes observed on 24 May were 107 and 113 for 
ovoviviparous (nauplii) and oviparous (cysts) females, respectively. These clutch sizes 
were an order of magnitude greater than the clutch sizes observed later in summer in 
the Southern Arm (11-15 eggs per clutch) (see section 4.3). 
In spite of the station-to-station (Fig. 16) and temporal variability in Artemia densities in 
the Southern Arm, there were no real density oscillations observed between the 
beginning of June and the end of December (Fig. 15). Rather, the Southern Arm 
population showed a monotonous and gradual decline if data from the two "inshore" 
Fremont Island Stations 1 and 12 are excluded. These two shallow stations had very 
high densities of Artemia in September and/or October. These may have originated from 
the Bear River or Farmington Bay "estuaries", or perhaps resulted from higher than 
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normal survival of nauplii in the shallow portions of the lake. 
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Fig. 15. Mean (±2SE) Artemia population density at offshore stations in 1994 (solid and 
dotted lines) and on inshore "Fremont Island" Stations 1 and 12 (empty squares and 
squares with XI respectively). 
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4.2. Age structure 
The gradual increase in body size of Artemia shown in the size-frequency distributions 
on the successive sampling dates indicates that the majority of the population we 
observed was made by a single cohort that was born before the first sampling date of 
June 2 (Fig. 17). They were likely second generation individuals hatched from 
ovoviviparous eggs produced by rapidly-growing adults hatched from over-wintering cysts 
in April and May (the first generation). Data from the surface samples collected by INVE 
on 24 May, suggested that adults comprised 58% of the population, that they were 
abundant (11I1iter), and that they were producing 107 ovoviviparous eggs or 113 
oviparous cysts/female. The ovoviviparous eggs likely produced the second generation. 
Interestingly, all the adults of this likely first generation had vanished from the lake by 
early June, as our initial sample taken on 2 June indicated that the population was nearly 
exclusively composed of juveniles (Fig. 17). 
In contrast to the likely rapid gro\vth of the first generatio~, the individuals of the second 
generation grew slowly, with only a small proportion of this cohort attaining maturity in 
June and July (Fig. 18) in spite of high temperatures in the lake (Fig. 5). The growth rate 
was evidently several orders of magnitude lower than rates of animals grown in high food 
at lake temperature, in the in situ experimental chambers (see section 4.6.3). Many in 
the second(?) generation had not matured until September. Even on 1 September, when 
they were already at least 3 months old, many remained in the pre-adult class without 
broodsacs or claspers (Fig. 17). Females appeared to mature at smaller sizes (7 mm) 
in the late fall, than those maturing in summer (Fig. 17). 
The infrequent pre-adults that were found on later sampling dates (e.g. the small 
proportion of juveniles seen on 3 October, Fig. 17) could either be survivors from the 
ovoviviparous eggs constantly produced in small numbers by females in the lake (see 
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sections 4.6.1 and 4.7.1), recruits from Farmington Bay, or possible individuals that 
hatched late from over-wintering cysts. 
Only a fraction of the second generation present in the spring was apparently able to 
survive and mature. Artemia mortality was highest early in the summer (Figs 15 and 
19), when phytoplankton abundance was lowest (Fig. 11), and decreased as algal 
abundance increased. The abundance of the initial cohort, about 911iter on 2 June, and 
probably many more on earlier dates, gradually declined over the summer (Fig. 15). The 
constant mortality, and the slow growth of the surviving individuals suggests that many 
juveniles were unable to find sufficient food resources to meet basic metabolic 
requirements and, consequently, died of starvation (see section 4.7.1). This juvenile 
mortality is more evident when the size-frequency distributions on different dates are 
presented in density instead of in percentages (Fig. 18). 
4.3. Clutch size 
Despite slow body growth, most of adult females were ovigerous throughout the summer 
and fall, but in December the few survivors were mostly eggless (Fig. 19). Even though 
the proportion of ovigerous females remained near 50-70% throughout the summer and 
early fall (Fig. 19), the clutch sizes changed distinctly throughout the seasons from a 
maximum of 15-30 in June, to a minimum of 6 in July. Fecundity then increased 
gradually throughout the summer and fall to 15-20 eggs per clutch in November and 
December (Fig. 20). Even though there was a lot of variability between individual 
females and between different stations in the Southern Arm, the same pattern of the 
seasonal change can be seen in clutch size of the ovoviviparous eggs (Fig. 21, bottom) 
and oviparous cysts (Fig. 21, top). 
Clutch sizes throughout the summer were much less than the physiological capacity of 
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Fig. 19. Seasonal changes in the proportion of eggless Artemia females, females 
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Artemia. The high mean clutch size of 30 observed in the 16 June samples, was still 
only a fraction of the maximum of 190 eggs/clutch found in our experimental animals 
grown with high food levels at 20 and 25°C (see section 4.6.2). It was also much lower 
than the 107-118 eggs per clutch observed in females in the natural lake population 
earlier in May (see section 4.1). It is also less than the clutch size observed in samples 
from Stations 9 and 9a in Farmington Bay, where the overwhelming majority of ovigerous 
females carried ovoviviparous eggs, with up to 155 eggs/clutch in females larger than 
10 mm, and up to 50 eggs/clutch in 7-8 mm females. 
4.4. Depth distribution 
Artemia had distinct patterns of vertical distribution, but there was no consistent pattern 
observed on two different dates (Fig. 22). On 4 August Artemia were concentrated both 
in m idwater and close to the bottom and were not abundant at the surface. On 19 
August they were more abundant at the surface and sparse close to the bottom. There 
was no difference in the female and male depth distribution on 19 August (Fig. 23), but 
the juveniles' distribution was different with a distinct maximum at the surface (Fig. 23, 
right). No difference was found in the mean number of eggs per clutch at different depths 
(Fig. 24). 
4.5. Sex ratio 
Males appeared to be more abundant than females from early to late summer 
(male/female ratio of 4: 1 and 3: 1 in June and July, respectively). The predominance of 
males then may even have been underestimated, because the female broodsac was 
easier to detect than the ~male claspers. In August, however, the proportion of males 
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declined rapidly and the sex ratio was close to 1/1 until the population declined in 
November-December (Fig. 25). 
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4.6. Ovoviviparity, oviparity, and reproductive output 
4.6.1. Reproductive mode in the lake population 
A rapid shift from ovoviviparity to oviparity occurred in the lake population during the late 
spring. The samples collected by INVE in May indicated that 70-100% of the ovigerous 
females had ovoviviparous eggs that would hatch immediately, and our first sample on 
2 June had 90% ovoviviparous eggs (Fig. 20). By 18 July, however, 90% of the 
ovigerous Artemia were producing cysts (oviparous eggs). Subsequently, 80-90% of the 
ovigerous females produced cysts until early December when the population dwindled. 
4.6.2. Reproduction in the preliminary experiment 
The majority of our experimental animals raised in continuous light, whether they 
originated from the lake or from cysts hatched in the laboratory, produced cysts in our 
stock cultures in which food was low because of grazing. The food level in our stock 
cultures may have been similar to that in the Southern Arm in summer, as the brine 
shrimp densities in these cultures were close to those in the lake (see 7.3.1). 
In the prelim inary reproduction experiment, each of the 36 mating couples that were 
isolated and given low concentrations of food each day (and this was grazed even 
lower), produced at least one clutch of cysts. However, most females died the same day 
the first clutch of cysts was released (n=25), some died with cysts in their broodsacs 
(n=5), a few produced a second clutch of cysts but either died with cysts remaining in 
their broodsacs or after releasing them (n=6), and one female produced a third clutch 
(Fig. 26). This was the only clutch of ovoviviparous eggs in the total number of 43 
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clutches produced by these animals reared on low food. 
Most of the 20 couples that were isolated and fed high concentrations of food, also 
produced cysts before shifting to the ovoviviparous reproduction (Fig. 27). There were 
always two or three clutches of cysts followed by many consecutive clutches of 
ovoviviparous eggs, 9 clutches in one couple that survived in the experiment for 52 days 
(Fig. 27, middle panel). In a few couples, there was a temporary shift back to the 
oviparous reproduction (Le. Fig. 27, top panel), possibly a reaction to a preceding decline 
in food level rather than to the food level itself. These experiments demonstrated that 
low food levels promoted oviparous reproduction, and high food levels promoted 
ovoviviparous reproduction, and that the shift from cyst to ovoviviparous eggs took place 
after an initial period when a few oviparous clutches were produced, despite increases 
in food abundance (Fig. 28). They also demonstrated that the interbrood interval is 
longer at very low food levels than at high food levels. 
Contrary to many common freshwater crustaceans, Artemia eggs are not always 
released from the female brood-sacs until a new brood of fertilized eggs has been 
produced in ovaries. This is true whether the eggs in the broodsacs are oviparous or 
ovoviviparous. Eggs may be retained for up to 14 days (or more), even at temperatures 
of 25°C. We have observed two different reasons a female might retain clutches for 
prolonged periods. 
The first reason is the absence of a male to fertilize the next clutch of eggs. On three 
occasions in our experiment to measure interbrood intervals (see section 4.6.3.), we 
accidentally kept two females in an experimental bottle instead of a male and a female. 
On each occasion the two females retained eggs in their broodsac for 10, 12 or 14 days, 
until we recognized the mistake and replaced the second female with a new mating 
couple. 
The second reason females may retain eggs in their brood sacs is when low food does 
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not allow sufficient resources to be accumulated to produce the next clutch of eggs. 
Consequently, very low food levels could result in long interbrood intervals such as the 
9-day interval we observed at high temperatures (Fig. 26). Many ovigerous females kept 
at 25-27°C for 10-16 days did not release eggs until they eventually died with eggs in 
their brood sacs. 
4.6.3. Reproductive rate in the factorial temperature x food level experiment 
The interbrood interval of Artemia was highly dependent on temperature, but only slightly 
dependent on food level (Fig. 29). Stepwise multiple linear regression of these data 
indicate that interbrood interval (IBI) of Artemia was significantly effected by temperature 
(T; p < 0.0000) and, to a limited degree, food levels (Chi; p = 0.046). The interbrood 
interval was estimated as: 
Log10 (181) = 3.11 - 1.766 (Log10 T) - 0.004 (Chi) R2 = 0.77 (1) 
At 10°C interbrood intervals were near 20 days, whereas at 25°C, the time between 
broods was near 4 days (Fig. 30). Food level had relatively little impact on the 
interbrood interval, except at 15°C when increasing food levels decreased the interbrood 
interval from 14 to 9.5 days (Fig. 29). It is not clear why food level apparently acted only 
at this one temperature. 
In contrast to interbrood interval, both food level and temperature affected the number 
of eggs produced per day (Fig. 31). This was particularly true of in the initial three food 
levels (1, 4, 16 levels). At 1 DoC and low food, egg output was less than 1 female-1 day-1, 
but with increasing temperature and food, reproductive output increased to 21 eggs 
female-1 day-1. Reproductive output at the lowest food levels (0.25 and 0.5 pg ChI. 
a/liter), however, remained quite high at the two temperatures it was tested at (20 and 
25°C). The females used for the two lowest ration treatments were from a group that 
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had been well fed prior to the experiment, and they may have carried some stored fat 
into the trial that was subsequently used for egg production. Nevertheless, cyst and egg 
production remained high in this group for up to 7 broods and 28 days. 
4.7. Factors limiting individual survival, growth rate and reproduction 
4.7.1. Importance of food limitation and predation on the survival of Artemia 
The importance of food limitation in controlling growth of the nauplii was demonstrated 
in the in situ experiments with nauplii that were hatched in the laboratory and grown for 
J~ 
8 days in experimental chambers at the offshore Station 2 (Fig. 3.). In the closed 
chambers, growth rates were considerably lower for Artemia nauplii exposed to the 
natural phytoplankton assemblage (LF; ca. 2 pg ChI. a/liter), than those provided with 
a dense algal cultures (HF; 40 pglliter). Addition of adults to the cultures decreased 
growth rates further (cf. HF OA with HF 13A). Nauplii in natural lake water (Le. of those 
grown in the experimental chambers with ends closed with 165-pM mesh size net) grew 
slightly in length, but they lost 50% of their body weight (Fig. 32, NF). It is unclear 
whether this represents the true growth rates of free-ranging nauplii in the lake, or 
whether it is an experimental artifact. In other trials using chambers with netting ends 
nauplii often failed to survive. Recent trials in the spring of 1995, with high food levels, 
also indicated poor survival in these chambers, suggesting that high currents passing 
through the chambers, or some other factor may repress growth and survival. 
There was also a dramatic difference in the growth rates of nauplii hatched in laboratory 
from cysts and grown either in situ in the natural food of the lake (chambers closed with 
net) or in unlimited food resources of our laboratory algal cultures (control). In the 
E g 8 
.s:::. 6 
-0> 
C 4 ~ 
~ 2 
0 
m 0 
NF HFOA HF13A LFOA LFSA 
0) 
0.6 g 
-.s:::. 0> 0.4 CD 
~ 
2' 0.2 
" >-
" 0 0 m NF HFOA HF13A LFOA LF SA 
~ O.S 
ca 
" ~ 0.3 Q) 
~ 
-CD 0.1 
-ca ~ 
.s:::. 
-
-0.1 ~ 
0 
~ 
C) 
-O.S 
NF HFOA HF13A LFOA LF SA 
Treatment 
Fig. 32. Body length, dry weight, and individual growth rate in 11 day old Artemia 
juveniles from the same hatch of cysts, that from the age of 3 days for 8 days (7-
15 September) have been grown in situ in the lake in experimental chambers 
suspended from a buoy on the offshore Station 2. They grew either in the flow-
through chamber exposed to natural food situation (NF), or in closed chambers 
containing natural lake water with low food level and 0 (LF OA) or 5 adults (LF 
SA), or in closed chambers containing high food medium from laboratory cultures 
and 0 (HF OA) or 13 adults (HF 1 SA). Note that food level was lower in NF then in 
either LF OA or LF SA due to higher adult density in the lake that time (2.2 
ind.lliter) than in the LF OA chamber (1.6 ind.lliter) Means ± S.D. 
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laboratory the nauplii grew from 0.4 to 3.5 mm, and increased in dry weight from 0.004 
to 0.09 pg during the 15-day experiment. Nauplii placed in the Southern Arm (Station 
2) grew from 0.4 mm to 1.7 mm, but their dry body weight did not increase at all (Fig. 
33). Those grown in a flow-through chamber in Farmington Bay (Station 9a) where food 
levels were high, grew from 0.4 to 3.2 mm, and gained body weight (Fig. 33). 
These experimental data show that whereas food limitation is a likely reason for the low 
abundance of nauplii in the Southern Arm, other factors must limit survival of nauplii in 
Farmington Bay. The most likely reason may be intense predation by the invertebrates 
Trichocorixa verticalis Fiber and harpacticoid cope~o?: (unidentified species), observed 
in Farmington Bay. The 165-pm mesh of our chambers was fine enough to prevent the 
exposed nauplii from these predators, but at the same time it was coarse enough to give 
them access to the abundant food of this habitat. 
4.7.2. Importance of stage-structured intraspecific competition on growth rates of Artemia 
in laboratory experiments 
In vitro experiments demonstrated that high densities of adult Artemia could depress the 
growth rates of nauplii to such a high extent that nauplii were dying of starvation (Fig. 
34). For the experiment nauplii of the same clutch of 60 eggs or more, were randomly 
divided into 12 groups of 5 and grown with 0, 1, 2 or 4 adults, three replicates each. 
Each day the animals were transferred to 100 m I beakers with high-density algal 
cultures. Nauplii with four adults (i.e. 40/liter) always died within 5 to 9 days of the 
experiment, so growth rate estimates were not possible. Nauplii grown with two adults 
lost weight, so that continued coexistence would have been impossible. Nauplii grown 
alone were markedly larger than those competing with adults for food (Photo 1). Adults 
in these experiments did not starve and were all increasing in weight. We should note 
that the adult densities used in these experiments were about 3-12 times higher than we 
observed in the lake for most of the summer. Nevertheless, it was apparent that adult 
Photo 1. Two juvenile 15-day old Artemia of the same clutch of eggs, one grown in the 
absence of adults and the other in the presence of 2 adults (bottom right and top 
right, respectively) , compared with a freshly born nauplius of different clutch (top 
left). 
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Fig. 33. Body length, dry weight, and "condition factor" (dry weighUbody length ratio) in 
16 day old Artemia juveniles from the same hatch of cysts, that from the age of 1 
day for 14 days (1-15 September) have been either grown in high food in 
laboratory cultures (left) or in situ in the lake in flow-through experimental 
chambers suspended from a buoy on the inshore Station 9a in Farmington Bay 
(center) and on the offshore Station 2 in the Southern Arm (right). Means ± S.D. 
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Fig. 34. Two experiments showing the survival of freshly-hatched Artemia nauplii grown 
for 15 days in the absence of adults (solid line)), and in the presence of one or 
two (broken lines), and of four (dotted line) adults. 
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shrimp, with higher initial energy reserves, could withstand starvation conditions longer 
than the nauplii. 
4.7.3. Body weight on body length regressions as a measure of food 
limitation 
The differences in food availability between the Southern Arm and Farmington Bay, was 
reflected in the physiological state of brine shrimp from these two habitats. The animals 
from the Southern Arm were lighter than animals of exactly the same body length that 
were brought from Farmington Bay on the same day (Fig. 35). This difference was 
marked in August, and increased in September and October, when the dry weight of an 
average 10-mm female in the Southern Arm was nearly half of one in Farmington Bay 
(Fig. 35, bottom panel). These differences are also shown in the condition factors, 
calculated as the slope of the log-length and log-weight regressions of Artemia, that were 
much lower in the Southern Arm than in Farmington Bay (p < 0.001; ANCOVA). 
This difference shows again the importance of food limitation for growth of brine shrimp 
in the Southern Arm. Contrary to shrimp in Farmington Bay, with high body reserves 
and high condition factors, juveniles and sub-adults of the lake's main basin were 
undernourished, and many likely starved to death before reaching reproductive size (see 
section 4.2). 
The food situation in the Southern Arm was slightly worse at offshore than inshore 
locations, where the importance of the alternate non-planktonic food resources may have 
been greater due to proximity of bottom sediments (see section 4.8). "Condition factor" 
comparisons of animals collected on the offshore Station 2 and the inshore Station 2a 
(Fig. 36), indicated that the weight to length ratio of Artemia was higher inshore than 
offshore (p < 0.001; ANCOVA). 
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4.8. Phytoplankton and alternate food resources 
4.8.1. Filter-feeding and" alternate feeding modes in brine shrimp adults 
Artemia franciscana, as other brine shrimp species, is traditionally assumed to be an 
obligatory filter feeder that relies on phytoplankton or other particulate food suspended 
in water. Our observations show that this may be indeed the case of nauplii and small 
juveniles, but it is not the case for preadults and adults. 
In our observations were made from 22 July until 6 August 1994, on subadults and 
adults raised in three, 1-liter glass aquaria, each with 10 individuals. We found that 
these animals would filter-feed only when there is a reasonably high concentration of 
suspended particles. Adults placed in media with phytoplankton from Farm ington Bay 
reduced food to very low levels within 24-48 hours and then began to browse on the 
sediment accumulated in the aquaria. This was primarily composed of faecal material 
of Artemia and small particles of mineral precipitates bound to each other and overgrown 
with bacteria. This material was reingested again and again, and the animal's intestines 
were filled with it from the second day to our final observation on day 13. 
After 5 days we began to remove the accumulated sediments with siphons in two of the 
aquaria. Two days later, all of the Artemia were seen scraping the glass surface of the 
aquarium walls, evidently feeding on periphytic algae. These were Amphora coffeiformis, 
Navicula graciloides or Nitzschia epithemoides, that were later infrequently encountered 
in our phytoplankton samples, and that were frequently found on the interior walls of our 
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experimental flow-through chambers suspended offshore in the lake. In these chambers, 
the exterior walls were kept free of periphyton, evidently from the grazing of the Artemia 
in the lake. 
By the 10th day of observation, the animals from one of the two siphoned aquaria were 
transferred every day to freshly-cleaned aquaria without periphyton, and with very low 
levels of phytop1ankton . . A day later, most animals were seen sticking to the water 
surface film, vigorously pumping water, evidently along with some dust particles 
accumulated on the surface film. Some animals, however, were seen again in the water 
column rapidly cruising around, even though the phytoplankton level was kept very low 
due to continuous grazing. 
Although the last observation of animals returning to foraging in the water column in the 
absence of benthic or epiphytic resources was not ignored, its significance was 
overlooked at the time. Only later it was found out that besides phytoplanktonic, benthic, 
epiphytic and surface film resources, there is yet another alternate source of feeding for 
Artemia that may be crucial for surviving the food-limited summer period in the lake. This 
crucial food resource is a multi-specific and diverse algal community that develops on 
the exterior and interior surface of the molted exoskeletons of Artemia. These are 
dominated by the multiple setae of shed appendages that are more resistant to bacterial 
degradation then other parts of the exoskeleton due to their thicker chitin walls that are 
necessary for flexibility of these locomotory and filtering structures. They become very 
abundant because Artemia molts 13 or 14 molts times before attaining maturity (Heath 
1924), and each of the 10 final molts produces 22 shed exoskeletons of thoracic 
appendages. In turn, each of these has dozens of long tubes with extensive exterior and 
interior surface area that can be colonized by different species of algae and 
cyanobacteria that grow well as a consequence of high nutrient concentrations in the 
lake (see section 3.7). 
This plant community of green algae, diatoms, and cyanobacteria is relatively diverse 
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and can be observed at different stages of its ecological day-to-day succession that 
begins with fresh Artemia molts or from old exoskeletons that have been cleaned of most 
algae in the digestive tract of Artemia, and released with feces (process Photo 3). The 
succession usually starts with a few individual cells of green algae (one of the two 
Dunaliella species or another Chlamydomonaceae) , or diatoms (Amphora coffeiformis 
or Navicula graciloides) , either on the exterior surface (Photo. 4) or inside the setae 
(Photo 5). In later successional stages, the abundance of these species rapidly increases 
(Photo 6), leading eventually to an appendage overgrown with a mixture of algal and 
bacterial mass if it has not been ingested and cleaned before. Many other species of 
algae, cyanobacteria, fungi and protozoans can be seen on earlier successional stages, 
some of them quite conspicuous as is the large diatom Nitzschia epithemoides, or the 
large heterotrich ciliate, probably Fabrea salina (Henneguy). 
The algal community that develops on the shed appendages of Artemia, the "Artemia 
gardens", may be a major source of nutrition for animals during summer in the Southern 
Arm when phytoplankton is low due to the heavy grazing pressure by Artemia. The 
importance of this unexpected source of nutrition became apparent in August when we 
noted a peculiar shape, color, and texture of Artemia faeces. They were milky-yellow, 
elongated, very stiff rods, that were difficult cut in spite of the absence of any 
surrounding pouch structure. The nature of these faeces was eventually understood 
when we first inspected the intestinal contents of live shrimp brought from the offshore 
Station 2 and inshore Station 2a in the Southern Arm (August 4 and August 14) and 
Station 9a in Farmington Bay (August 14). All inspected subadults and adults from 
Stations 2 and 2a (25 and 20 individuals, respectively) had many shed appendages in 
their intestines. None of the 20 individuals from Station 9a had any shed appendages 
in its intestine. Rather, the intestines were filled with greenish mass of planktonic algae 
that were abundant in Farmington Bay all summer and fall (see section 4.7.1). 
The observations described above show that besides filter feeding, that is likely the basic 
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mode of food collection in adult Artemia, there are also other modes of feeding that can 
be used under different food situations. These alternate modes of feeding would allow 
individuals to use alternate food resources when the basic food, phytoplankton, becomes 
rare. 
The abundance of the molted exo-skeletal appendages in the lake water was very high 
in August and September. The abundance was variable from station to station, and from 
date to date which may result from wind-induced resuspension of the sediments. 
Because Artemia grazing clears the water column in the summer, most of the sediments 
in this shallow lake are within the photic zone. Consequently, it is likely that periphyton 
grow on the cast exoskeletons on the lake bottom. However, once resuspended by 
winds, the parachute shapes of the shed appendages should allow them to remain in the 
water column where additional growth and succession of algae could occur at higher 
light intensity. From September through December we estimated the algal biomass of 
the appendages and other seston that was retained by filtering known quantities of lake 
water through a 30-pm sieve. During this period, the seston represented 3-30% of the 
total chlorophyll, with a mean of 14%. Unfortunately, we did not measure chlorophyll in 
the >30 pm fraction before late-summer, but the Artemia gardens may have been even 
more important during midsummer when the Duneliella were depressed due to grazing 
by brine shrimp. 
5. A power analysis to estimate the number of sampling stations for 
monitoring 
In order to estimate the number of stations necessary to adequately monitor brine shrimp 
populations in the Great Salt Lake we conducted a power analysis utilizing the first-
year's estimates of inter-station variance. For the analysis we sought the number of 
stations that would provide standard error (SE) estimates that were 25% of the mean 
densities of brine shrimp. This is given by the formula (Prepas 1984): 
where: n = number of sampling stations 
S2 = population variance 
D = size of the ratio of the SE to the mean (Le., .25) 
X = mean population density 
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Table 2 shows the some sampling characteristics and the estimated number of stations 
necessary to adequately describe the density of brine shrimp in the lake. On many 
dates the variance to mean ratio (var/mean) for brine shrimp densities was less than or 
near one, indicating that the population was evenly or randomly distributed, respectively. 
On two dates, however, when very high densities of shrimp were found at stations 1 
and/or 12, the var/mean ratio was » than 1, indicating a clumped distribution of the 
shrimp. 
The predicted number of sampling stations necessary to produce a standard error 
estimate of 25%) of the mean varied from 2 to 127, depending on the date. In 8 of the 
12 cases, however, 10 or less stations would have provided an adequate estimate of the 
mean population density in the lake. On some dates, however, 70 or more stations 
would be required to give a 25% standard error estimate. 
Our sampling data and power analysis suggests three approaches may be useful for 
documenting Artemia abundances in the lake. First, the power analysis suggests that 
10 stations will be adequate to document Artemia abundance on most dates, and this 
number is suggested for routine monitoring throughout the year. Secondly, during critical 
periods, such as the fall when cyst production rates are high, more intensive sampling 
is recommended. An intensive synoptic survey over two days, with approximately 30 
Table 2. Dates, number of sampling stations (N), mean abundance (#/L), 
standard deviations (SD), and minimum and maximum abundances of 
brine shrimp collected in 1994 in the South Basin of the Great Salt Lake. 
The last column shows the number of stations that would have been required 
to produce standard errors of 25% of the mean on each sampling date. 
Estimated N 
DATE N MEAN SD VAR/MEA SE MIN MAX for 25% SE 
(#/L) 
2JUN 8 8.5 3.2 1.2 1.1 4.7 13.6 2 
16JUN 8 5.3 3.7 2.6 1.3 1.3 12.4 7 
5JUL 7 3.3 1.3 0.5 0.5 1.8 5.3 2 
18 JUL 10 2.7 1.3 0.6 0.4 0.9 4.8 3 
4AUG 7 3.2 2.8 2.5 1.1 1.0 9.3 10 
19AUG 10 2.7 1.8 1.2 0.6 0.4 7.1 6 
1 SEP 10 3.5 4.5 5.8 1.4 0.9 16.0 24 
15 SEP 12 2.8 2.5 2.2 0.7 0.8 10.3 12 
30CT 9 12.4 27.5 61 .1 9.2 0.9 85.2 70 
26 OCT 13 1.7 0.6 0.2 0.2 0.6 2.4 2 
14 NOV 12 0.9 0.6 0.3 0.2 0.1 2.3 5 
13 DEC 12 0.04 0.1 0.3 0.0 0.0 0.4 127 
Geometric mean = 13.7 
Dens9-a!. wk1 
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stations, would greatly narrow our confidence intervals and help avert a poor estimate 
due to the possibility of highly-clumped distribution of the shrimp. Additionally, such a 
survey would help us delineate areas of high Artemia abundance. Subsequently, such 
areas could be targeted in a stratified sampling design. 
Thirdly, the concentrations of Artemia in the shallow reaches needs to be further 
investigated. If additional research indicates that the shallow littoral areas are indeed 
highly productive, we can then stratify our sampling in an economic manner (Snedecor 
and Cochran 1967). In 1994 we did stratify our sampling into littoral and pelagic areas, 
but with the stations chosen, there was no significant difference between areas (2-way 
ANOVA, date x type; p (type) = .646). Many of the littoral stations sampled in 1994 were 
still in relatively deep water, and away from sources of nutrients. 
6. Cyst production in the Great Salt Lake 
In order to understand if commercial cyst harvesting could be depleting the population 
of Artemia in the lake, we need to know how many cysts are produced each year, and 
subsequently to calculate what percentage of this production is being harvested. We 
used the method of Dana et al. 1990 to evaluate the number of cysts produced between 
June and December, 1994. The method relied on measuring the numbers of cysts on 
females in the lake. These brood sizes were then converted to cyst densities using the 
proportion of females with cysts, and the total number of gravid females. These 
densities were then divided by the interbrood intervals for given temperatures and food 
densities. For example, if females in a sample averaged 30 cysts each, and the time 
between broods was 5 days, we would have estimated that each female produced 6 
cysts/day. Areal cyst production was then expanded to the entire population and surface 
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area of the Southern Basin of the lake (2546 km 2). 
The density of oviparous females (Fig. 37) and the cyst density (females x clutch size; 
Fig. 38) increased throughout the summer, and peaked in early October. The thermal 
effect on interbrood interval, however, had a large impact on cyst production (equation 
1, section 4.6.3), modifying the production pattern of cysts (Fig. 39) from that seen in 
Fig. 38. Cyst production was low in the early summer, except on 16 June when 
moderate numbers of oviparous females were found. This sampling date immediately 
followed a severe storm with winds over 100 kph, and the lake was very rough on the 
day of sampling. Several parameters measured on this date were anomalous, perhaps 
as the result of this wind event. 
Cyst production began increasing in August, and peaked in late September and early 
October (Fig. 39). Although mature females were still abundant in late October, 
estimated cyst production decreased then, primarily as the result of declining water 
temperatures that increased interbrood intervals from 5-6 days in September, to·14 days 
in late October. By November, Artemia densities had declined and interbrood intervals 
were >40 days, leading to very low cyst production. It is likely that during the later half 
of October and November when temperatures fell below 15°C, many gravid females died 
before releasing their cysts. During this period we observed many slicks of dead adult 
Artemia with cysts in their brood sacs. 
Figure 40 shows the percentage of cyst production in the Great Salt Lake realized by 
a given date. The time-course of cyst production indicates that 70% of the cysts were 
produced from September-November during 1994, and that 90% of the production was 
complete by the end of October. We should note, however, that year-to-year differences 
in the timing of cyst production may be high (Dana et al. 1990). Nevertheless, our data 
indicate that the harvest of brine shrimp should be delayed until at least after October 
in order to maximize the release of cysts to the lake. 
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Fig. 37. Mean density of eggless Artemia females, females carrying ovovivigerous eggs, 
and females carrying cysts in the lake in 1994. 
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Fig. 38. The overall numbers of Artemia cysts and ovoviviparous eggs on live females in 
the lake in 1994. 
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Fig. 39. Estimated daily cyst production in the Great Salt Lake from June-December 
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Figure 9. Cummulative total percentage of cyst production that was realized by a given date in 
the Great Salt Lake during 1994. Note that less than 100/0 of production occured before 
August. 
Cyst production was not uniformly distributed around the lake. The June pulse of cyst 
production was noted only in the southern portion of the lake at Stations 6, 7, and 8. 
The peak in production, and the high variances noted on 15 September and 3 October 
were largely the result of exceedingly high densities of oviparous females at Station 1 
located on the Ogden flats (total Artemia densities were also high at Station 1 on 1 
September, but few of these were mature females). Station 1 supplied 37 and 40% of 
the estimated lake production on 15 September and 3 October. Station 12, located near 
the north end of Fremont Island and near the flats, also had very high numbers of 
oviparous females on 3 October, as did Station 9 in Farmington Bay. 
For future work, it will be important to estimate the importance of the shallow littoral 
areas in the production of cysts. In 1994 a large portion of the production may have 
occurred in the shallow littoral areas of Ogden Bay. Although few stations were located 
in this shallow area, our limited data suggest that as much as a third of the production 
could be occurring there. An abundance of Artemia in this area is also indicated 
because exceedingly high densities of grebes were noted on the flats during the fall. 
Field observations have indicated that Artemia production used to be high in the 
Farmington Bay region prior to the construction of the Antelope Island causeway 
(personal communication, L. Sanders). Artemia production in the littoral zone may thus 
be quite important for the lake as a whole. Future work should concentrate on this zone, 
particularly given that Ogden Bay is often suggested for development in the inter-island 
diking scheme. 
Integration of the area under Figure 39, and expanding the data to the area of the 
Southern Arm yields the following cyst production estimates for June-December: 
- 1.65 x 1015 cysts lake-1 year-1 
- 1.65 x 106 kg dry cysts lake-1 year1 (@cyst wt = 1.0 }Jg) 
- 648000 cysts m-2 year1 
- 3430 cysts m-2 day-1 
- 0.77 cysts liter-1 day-1 
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The production of cysts in the Great Salt Lake can be prepared with cyst production of 
Artemia monica from Mono Lake, California. Dana et al. (1990) found that annual cyst 
production in this species varied from 2-5 x 106 m-2. This compares to a production of 
0.6 x 106 cysts m-2 calculated for the Great Salt Lake from June-December. The higher 
production in Mono Lake was the result of higher densities of ovigerous females (near 
5/L for much of the summer), and higher fecundity (3D-90/female), than we observed in 
the Great Salt Lake. Close comparisons between the two lakes are, however, 
unwarranted, since they have different species of Artemia with different reproductive 
characteristics. 
There are possible errors in our cyst production estimate. First, since we did not initiate 
field measurements until June, it is possible that some cysts were produced prior to our 
study. The samples collected by ENVI on 24 May indicated that there were 3.3 cyst-
bearing femaleslliter with clutch sizes of 113/female. This gives a cyst density of 380/L 
in late May, as compared to the 17/L we observed in early October (Fig. 38). We do not 
know, however, if the three surface-water collections made by ENVI are representative 
of the entire lake. Samples of Wirick (1972) indicated that there were very few ovigerous 
females were present in the Great Salt Lake before June, and our early sample suggest 
that oviparous reproduction not start intensively until the fall. Additionally, all of the cyst 
production in Mono Lake occurred from June through November, again suggesting that 
we did not miss much production by initiating our study in June. Secondly, during mid-
summer when algal levels were low, we may have overestimated cyst production if the 
females did not release their cysts until they were ready to move a second clutch into 
the ovisac. Under very low food conditions observed in our preliminary reproduction 
experiment (section 4.7.1), females would hold on to their cysts longer than expected 
based on temperature alone. 
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6. General discussion 
7.1. Complexity of the Great Salt Lake ecosystem: the role of an efficient 
herbivore 
The simplicity of the Great Salt Lake ecosystem has been frequently attributed to its 
unusually high salinity giving the lake a reputation as "a hostile environment to most 
living organisms" (Woodbury 1936) and an excellent habitat "in which to study 
community processes because few species tolerate their saline waters, thus reducing 
the number of biological interactions and making it possible to observe processes that 
may be obscured in more complex ecosystems" (Wurtsbaugh & Berry 1990). 
Although Felix and Rushforth (1979) described some 20 species of algae from the Great 
Salt Lake, others have considered the plankton community as "a natural two-species 
system" consisting "of the phytoplankter Dunaliella viridis (Teodoresco), which usually 
constitutes over 95% of the phytoplankton at any time and which generally supplies the 
only autotrophic food for a single zooplankter, Artemia salina (L.), a brine shrimp" 
(Montague et al. 1982), or as "an evolved biological system consisting almost entirely 
of the green flagellate, Dunaliella viridis Teodoresco and the brine shrimp, Artemia 
salina (L.)" (Wirick 1972). 
The biotic community appears to be more complex than previously recognized, and its 
diversity controlled by biotic interactions in addition to the harsh salinity conditions. There 
are reciprocal changes in the diversity of the herbivores and the plant community, 
depending on the season. For much of the winter, in the absence of an effective 
herbivore, the plant community becomes a monoculture of Dunaliella viridis, probably as 
a consequence of superior competitive abilities for nutrients, but the herbivore community 
is multispecific with high densities of at least three ciliate species (Gliwicz, unpublished 
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data). In summer, the herbivore community becomes a monoculture, with Artemia 
franciscana monopolizing resources, but the plant community becomes more diverse 
with species of unicellular and colonial greens, diatoms, and cyanobacteria (see section 
4.8). 
The higher species diversity of the Great Salt Lake offshore plant community in summer 
is likely the result of extremely high grazing pressure from Artemia. The effect of this 
highly effective filter feeder was clearly demonstrated in our laboratory cultures of the 
lake water with its natural plant community. When cultivated without Artemia, algae 
increased exponentially, resulting in a monoculture of Dunaliella (see section 3.7). When 
cultivated with a few adult Artemia or a few dozen nauplii per liter, phytoplankton 
declined, allowing a diverse algal community in the "Artemia gardens" to develop. 
Grazing by Artemia depletes Dunaliella, releases nutrients, and increases water clarity--
ali factors that can favor other phytoplankton and periphyton. 
The seasonal change between the monoculture of Dunaliella and a more diverse 
community with "Artemia gardens", is a good field example showing the importance of 
predation or herbivory in effecting trophic structure in a community. Paine (1966) was 
correct in pointing out that "species diversity is related to the number of predators in the 
system and their efficiency in preventing single species from monopolizing some 
important, limiting, requisite". 
7.2. Reasons for brine shrimp monopolizing resources: the role of fish 
absence and the role of the brine shrimp superiority in competition 
for resources 
The reason that Artemia franciscana can monopolize the organic food in the lake is the 
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same as why Dunaliella viridis can monopolize the inorganic nutrients. Each of the two 
species can likely rid itself of competitors due to its competitive superiority in the 
absence of predation and parasites: Dunaliella in winter in the absence of its effective 
herbivore at temperatures below Artemia's tolerance, and Artemia in summer in the 
absence of meaningful predators that would likely suppress it. 
Artemia seems to be extremely vulnerable to predation by invertebrate and vertebrate 
predators, and its absence from habitats accessible to fish has been suggested to result 
from this vulnerability (Williams et al. 1990). Its vulnerability to parasitic infections has 
also been suggested as a factor lim iting it to hypersaline waters (Woodbury 1936). 
Predation, however, seems to be a more likely reason, as it may also explain why other 
euphyllopods are restricted to habitats free of fish, regardless of whether they are saline. 
Artemia is gifted with all the morphological and behavioral characteristics that make a 
planktonic animal conspicuous and thus vulnerable to fish predation on one hand, but 
make it a superior competitor for resources. Large body size make it more conspicuous, 
but also allow for a low food threshold concentration to equal respiration by assim ilation 
(Gliwicz 1990). Late maturation and large clutches of eggs make it a precious prey for 
an optimally foraging predator, but also allow for a maximum reproductive output that 
results in fast propagation and resource use by its own offspring. Lack of appendages 
to serve exclusively for locomotory function does not allow Artemia to effectively avoid 
predators, but it does allow them to use all muscles for effective food collection. Artemia 
franciscana seems, therefore, to be the species that has evolved to fill the niche that is 
free of predation by fish. 
7.3. Factors controlling brine shrimp population density 
The seasonality of the brine shrimp abundance in the Great Salt Lake can follow several 
patterns (Fig. 41). In one pattern, exhibited in 1994 (our results) and 1970 (Wirick 1972), 
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Fig. 41. Mean densities of Artemia at offshore stations in 1994 (solid line and points) as 
compared to three earlier years: 1970 & 1971 (acc. to Wirick 1972) and 1973 
(acc. to Stephens & Gillespie 1976). 
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it appeared that nauplii hatched from overwintering cysts primarily in April and May, grew 
rapidly to maturity in May by feeding on and depleting the initially abundant Dunaliella. 
In mid to late-May these first cohorts produced large clutches of ovoviviparous eggs 
which hatched (section 4.7.3). This second generation of Artemia then grew slowly 
through the summer because they had attained sufficient biomass to overgraze the 
phytoplankton resource. Some additional ovoviviparous eggs were produced throughout 
the summer, but they did not contribute substantially to the population. Females in the 
second cohort began maturing in July and produced one or more moderately-sized 
clutches of cysts. This pattern is typically seen in populations of Artemia monica 
inhabiting Mono Lake, California (Dana et al. 1990, Jellison et al. 1992). 
Lake-water cultures grown in 50-70 liter aquaria inoculated with high densities of cysts 
showed many characteristics of this first pattern. The nauplii added to the lake water 
caused a rapid decline in the phytoplankton (an example in Fig. 13). In spite of low food 
concentrations, the Artemia kept growing but their density gradually decreased to S/liter 
when the survivors matured and started to mate. The coincidence between the 
"equilibrium" number of Artemia in the lake and in our cultures was probably fortuitous, 
however, as the light levels in the culture room (13 E'm-2'day-1) likely limited algal growth, 
while the mean light intensity estimated for the lake's water column was about four times 
higher (45 E'm-2 'day-1), and should have allowed rapid growth of the phytoplankton, and 
higher equilibrium algal densities under severe grazing pressure. 
In the second pattern of seasonal abundance, found in 1973 by Stephens and Gillespie 
(1976), the second generation of shrimp apparently overgrazed their algal food base, 
and the population crashed in late June. A third generation, evidently produced from 
ovoviviparous eggs, developed in July and August and persisted into the fall. 
It is not clear what limnological conditions determine whether the first or second pattern 
will occur in the Great Salt Lake, or even if these are dominant patterns. Future 
experimental and descriptive work will be directed at understanding the causal 
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mechanisms for these population fluctuations. 
A third "pattern" was evident in Farmington Bay where the population was controlled by 
predation, not by food limitation. There, high food levels allowed for continuous 
reproduction throughout the summer with large clutches of predominantly ovoviviparous 
eggs. However, the reproductive effort was lost due to high mortality of juveniles 
decimated by predatory corixids and copepods. The situation in Farmington Bay was 
very similar to that observed in the Southern Arm in 1985 and 1986, when the lake's 
salinity decreased to that now observed in Farmington Bay (50-70 glliter). With low 
salinity, invertebrate predators nearly eliminated the Artemia, allowing the phytoplankton 
to bloom, and other herbivores to invade (Wurtsbaugh 1992). 
7.4. What controls brine shrimp cyst production? 
In the absence of either serious predation or serious competition from other herbivores, 
the entire control of the brine shrimp population density and its ovoviviparous and 
oviparous reproduction is in food limitation and in the intra-specific competition for 
resources. Artemia has extraordinarily high potential for fast body growth and intense 
reproduction at high food levels, when energy would be allocated to ovoviviparous 
reproduction rather then to cyst production. Most cysts are produced in the fall, when 
food levels have increased slightly and the temperature has dropped. Could the annual 
cyst production be increased by an improvement in the food level in the lake by allowing 
more nutrients into the Southern Arm? Our field and experimental data show that it is 
rather unlikely unless food levels improved later in the season. 
An improvement in food level earlier in the summer would result in a switch from a 
oviparous reproduction into ovoviviparous reproduction followed by high densities of a 
new generation. These, in turn, would likely bring the food level down again and die of 
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starvation before the first clutch could be produced. That was likely the scenario in 
summer of the 1973 (see section 7.3.1). An improvement in food levels later in the fall, 
when Arlemia have "committed" to oviparous reproduction, might allow more clutches 
to be produced and released before females die. Higher nutrients and algal levels might 
also allow larger clutch sizes. 
7.5. Sustainable yields or over-harvest? 
Is the reported low production of cysts in the Great Salt Lake the result of overharvest? 
It is too early in our studies to answer this question with confidence, but the data 
collected to date suggest that there are more than enough nauplii hatching in the spring 
to sustain the population. In fact, our field as well as our experimental data suggests that 
the population density persisting throughout the summer and fall does not depend on the 
size of cyst inoculum or on the total number of nauplii hatched from the oviparous eggs 
in spring. All our data show that this density depends exclusively on the carrying capacity 
of the Great Salt Lake habitat or, in another words, on th~ ability of the lake's autotrophic 
communities of phytoplankton, periphyton, benthic algae, and "Arlemia gardens" to 
photosynthetically replace their biomass exploited by brine shrimp. In 1995 and 1996 we 
will conduct mesocosm experiments with different initial nauplii numbers to determine if 
this is really the case. 
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